The development of synthetic two-dimensional crystalline polymers (2DCPs), such as 2D covalent-organic polymers and 2D metalorganic polymers, is receiving increasing attention due to their intriguing chemistry and unique properties, as well as potential role in wide ranging applications, such as electronics, sensing, catalysis, separation, and energy storage and conversion. Complementary to the top-down exfoliation towards the preparation of 2DCPs, bottom-up interface-assisted synthesis is advantageous in the 2D dynamic arrangement of the molecules or precursors, offering the chance to generate ultra-thin structures with large lateral sizes. This article provides guidelines on the preparation of free-standing, single-layer, or multi-layer 2DCPs via liquid-interface-assisted synthesis, mainly involving polymerization at the air-water and liquid-liquid interfaces, as well as the Langmuir-Blodgett method. Insight into the advantages and challenges of synthesis strategies and chemistry methodologies are provided for the future development of interfacial synthesis of 2DCPs with diverse structural and functional control.
INTRODUCTION
Synthetic two-dimensional crystalline polymers (2DCPs) are categorized as one to a few atom-unit or monomer-unit thin networks with well-defined periodicity along two orthogonal directions via strong covalent or coordination bonds, generally including 2D polymers (2DPs), [1] [2] [3] 2D covalent-organic frameworks (2D COFs) [4] [5] [6] and 2D metal-organic frameworks (2D MOFs). 7, 8 In these cases, the criteria of 2DPs is increasingly accepted as singleatom/monomer-thick, covalent networks with planar and highly ordered structures. COFs are a class of organic crystalline porous polymers that allow the atomically precise integration of organic units into extended structures with periodic skeletons and ordered nanopores by strong covalent bonds. Generally, 2D COFs are van der Waals (vdW) layer-stacked structures while a single-layer 2D COF can be regarded as a 2DP. 2D MOFs are crystalline, porous coordination polymers made by connecting inorganic metal ions or clusters with ditopic or polytopic organic ligands and featured with layered structures with strong in-plane coordination but weak out-plane interactions. As a major class of organic 2D materials, their structures (pore), properties, and functions can be tuned to a much higher degree, due to the abundant monomer and linkage chemistries that can be employed. Thus, tailor-made 2DCPs have been achieved with π-conjugated structures, electrondonating/-accepting groups, catalytic, sensing, magnetic, electroactive, and photoactive properties, and adsorption and separation functions, etc. Exceptionally, graphene is also regarded as a naturally available 2D crystalline polymer. 9 In comparison with graphene, the electronic band gaps of these synthetic 2DCPs can be finely adjusted by varying monomers and linkages at the molecular level. Despite of the various advantages, the controlled synthesis of 2DCPs with tunable size and thickness in a large scale remains challenging.
By far, several strategies have been attempted. On the one hand, pioneering works on 2D poly(m-phenylene), covalent assemblies of porphyrin and thiophene, dynamic covalent polyimine networks, and metal-organic networks have been reported via the on-surface synthesis. [10] [11] [12] [13] [14] [15] However, the mobility of monomers on the surface is limited and only small domain sizes have been obtained. Moreover, a transfer of such metal surfacebinding polymer networks is a complicated issue. On the other hand, despite of the recent progress in the synthesis of ultra-thin nanosheets via the top-down exfoliation of layered COFs, MOFs, and polymer crystals, [16] [17] [18] [19] the broad distribution of sheet thickness and lateral size, as well as low structure integrity and high tendency of re-stacking are unexpected.
To overcome these disadvantages associated with the onsurface synthesis and solution exfoliation protocols, air-water and liquid-liquid interfaces assisted synthesis have been recently introduced, [20] [21] [22] [23] [24] [25] [26] which enables the successful preparation of 2DCPs. Such liquid-interface-assisted synthesis strategies offer the possibility to overcome the limited diffusion of monomers, and the interface acts as the template for the 2D-confined polymerization. The obtained 2DCPs present expected advantages, such as large-area up to cm 2 , free-standing feature, single-layer or multilayer thickness, porous skeletons, high structural perfection, and high mechanical stability. 20, 22, 23, 25, 26 Moreover, such 2DCPs can be directly transferred from the interfaces to various solid surfaces for further characterization and device fabrication. [22] [23] [24] [25] [26] In this Perspective article, we include representative examples and highlight the roles of air-water and liquid-liquid interfaces in the successful control of 2D structure and morphology. We will not cover the comprehensive literature; there are relevant reviews for various synthetic 2DCPs. 2, 3, 5, 6, 8, 27 Our purpose is to provide a succinct summary of the synthesis strategies and chemistry methodologies of previous work, some pressing and important challenges, as well as a few characterization methods, which could be helpful for those interested in entering this exciting research area.
UNIQUENESS OF AIR-WATER AND LIQUID-LIQUID INTERFACES
The air-water and liquid-liquid interfaces are flat spaces between air and water, and two immiscible liquid phases, respectively, which can provide 2D-confined polymerization for the monomers but do not restrict their facile mobility. Notably, the interfacial roughness, and the monomer orientation and interaction at the interfaces are key parameters and can be varied to tune the migration of monomers and the equilibria, as well as the rate of chemical reactions. 28 For instance, the air-water interface has been measured to be smooth with a root-mean-square roughness of about 3Å. 28 The adsorption of amphiphilic molecules such as surfactants and short/mediumchain alcohols, acids, alkalis, and quaternary salts can finely tune the roughness from dozens of angstroms to nanometers. 29 As a result, the varied interfacial roughness will strongly influence the mass transfer of monomers at the interfaces, which controls the reaction rate. In addition, the geometrical arrangement of monomers is of significant importance, because steric requirements for chemical reactions at interfaces may lead to strong reactivity dependence on molecular orientation for forming 2D ordered networks. In this case, the molecular orientation could be regulated by the solvent/monomer or monomer/monomer intermolecular forces, generally including electrostatic force, hydrogen-bonding, hydrophilic solvation, and hydrophobic effect. 20, 23, 30 The high reaction reactivity and yield have been demonstrated for a variety of reactions at the interfaces in comparison to the reactions occurred in homogeneous media. Breslow et al. reported the utilization of hydrocarbon-water interface for the Diels-Alder reactions and found that the reaction rate was dramatically enhanced in comparison to that in bulk solution, due to the enforced hydrophobic interactions and stabilization of the activated complex by hydrogen-bonding at the interface. 30 These above features enable the interfaces as templates to confine and direct the monomers in a 2D geometry for the bottom-up synthesis of 2D materials with controlled morphologies, chemical, and physical properties.
DEVELOPMENT OF LIQUID-INTERFACE-ASSISTED SYNTHESIS STRATEGIES
The air-water interface has been employed to confine waterinsoluble monomers or even nanoparticles (Fig. 1a) , which can freely rotate and move around in lateral directions unless they are packed to form monolayers. Generally, a controlled amount of monomer I or ligand (crosses in Fig. 1a ) in an organic solvent is spread on an aqueous solution of the monomer II or salts (dots in Fig. 1a ). The evaporation of the organic solvent leaves the monomer I on the aqueous surface, and the polymerization reaction processes at the air-water interface. In this strategy, special designs are generally required for the employed monomers/precursors: (1) functionalization with hydrophilic groups ensures their sufficient spreading on the water surface, in which the hydrophilic groups are bound with the water molecules while the relatively hydrophobic parts face toward the air; 23, 31, 32 (2) reactive units in the monomers/precursors should stack closely along the water surface, which allows the further 2D polymerization.
The Langmuir-Blodgett (LB) method also provides the air-water interface and is more convenient to synthesize densely packed monolayers with control over the stacking density of monomers by tailoring the surface pressure of water. Thereby, this method provides the opportunity to control the composition and the structure of 2D materials by non-covalent and covalent bonds at the molecular level. A general procedure can be described as follows ( Fig. 1b) : (1) a sub-monolayer of the first water-insoluble monomer is spread over the water surface in a LB trough; (2) after the close packing of the monomers into a dense film with highly ordered internal structure upon compression, a solution of the second monomer or metal salts is injected into the water phase; (3) with the diffusion of the second water-soluble monomer or metal salts from the bulk phase to the interface, 2D polymerization is triggered, resulting in targeted single-layers with a large area (cm 2 ). When one repeats the transfer process, layer-stacked 2D materials can be prepared. 21, 24 Currently, this LB strategy has been successfully utilized for the synthesis of single-layer and multilayer 2DCPs by us and other groups. 20, 21, [23] [24] [25] [31] [32] [33] Besides the air-water interface, liquid-liquid interface system has also been explored for the synthesis of 2DCPs. The region of liquid-liquid interface is not a layer that is one molecule thick, but usually has a thickness of a few nanometers. Thus, the liquid-liquid interface can act as a suitable 2D space to confine monomers and their polymerization to establish multi-layer structures (Fig. 1c) . [34] [35] [36] [37] The selection of solvents will depend on the chosen monomers to offer them good solubility in either upper or lower phase, such as oil-water (chloroform-water, carbon tetrachloride-water, toluene-water, and n-hexane-water) and oil-oil (acetonitrile-dimethylformamide, methanol-hexane, and dimethylsulfoxide-hexane) interfaces.
COVALENT CHEMISTRY METHODOLOGIES FOR INTERFACIAL SYNTHESIS
Despite organic chemistry could offer a huge library of building blocks that can be synthesized and linkages to connect these building blocks, the current construction of 2DCPs at the air-water and liquid-liquid interfaces has been limited to only a few chemistry methodologies.
First of all, strong covalent bonds are highly appealing due to their ability to maintain the overall structural integrity of polymers. By far, two classes of irreversible covalent reactions have been employed for the interfacial synthesis of covalent-organic 2DCPs (2D polymers/2D COFs) via C-C bonds, including photodimerization (Fig. 2a ) 23, 32 and Glaser coupling (Fig. 2b) . 26 In 2014, Schluẗer and King et al. synthesized freestanding, singlelayer 2DCPs at the air/water interface through photo-dimerization of anthracene-based amphiphilic monomers (A1). 32 The synthesis procedure typically comprised a preorganization of photo-active monomers on water surface into a closely packed film and then the formation of covalent monolayers was triggered by the photoinduced polymerization. Subsequently, these authors employed the above strategy on antrip monomers (A2) and prepared another single-layer 2DCP with the lateral size over 1 cm 2 ( Fig. 3a) and the thickness of~1.2 nm confirmed by atomic force microscopy (AFM), corresponding to the expected height of one antrip monomer. 23 The molecular-level resolved image of the covalent 2DCP obtained at the water surface was elucidated by scanning tunneling microscopy (STM), indicative of periodic hexagonal structures with ultrahigh pore density (Fig. 3a) . One can see that the combination of interfaces and photo-dimerization could lead to the successful synthesis of C-C-based 2DCPs. Another C-C-based 2DCP was reported by Nishihara et al. in 2017, who synthesized graphdiyne nanosheets based on hexaethynylbenzene (B1) via Glaser coupling with copper(II) acetate and pyridine as catalyst at the argon/H 2 O interface (Fig. 3b) . 26 The obtained graphdiyne nanosheets exhibited regular hexagonal shape (Fig. 3b) and a narrow distribution of thickness of~3 nm and lateral size of~1.5 μm. Two-dimensional grazing-incidence wide-angle X-ray scattering (2D GIWAXS) and electronic diffraction were carried out to confirm the through crystallinity of the fewlayer graphdiyne, which was featured with an ABC-type stacking and a hexagonal lattice with in-plane and out-of-plane periodicities of a = b = 0.96 nm and c = 1.02 nm, respectively (Fig. 3b) .
Besides the irreversible reactions, thermodynamically reversible covalent bonds like triazine (Fig. 2c) and imine (Fig. 2d) , which can provide error correction for the synthesis of highly ordered structures, have been employed for the synthesis of 2DCPs at the air-water and liquid-liquid interfaces. For instance, Xu et al. demonstrated the one-pot synthesis of single-layer and few-layer triazine-based 2DCPs through cyclotrimerization reaction of 1,4-dicyanobenzene (C1) at the CH 2 Cl 2 -CF 3 SO 3 H interface in 2017. 38 As is known, cyclotrimerization polymerization of nitriles has been early developed by Thomas and Antonietti for the synthesis of triazine-based bulk COFs in the presence of Lewis acid at high temperature. 39 Here, the obtained 2DCPs were featured with the lateral size ranging from micrometers to several hundred micrometers and the thickness of 0.9 (monolayer)-3 (multilayer) nm, and exhibited promising semiconducting property with a high on/off ratio of 10 3 and a remarkable mobility of 0.15
. Recently, our group achieved wafer-sized 2DCP monolayer (~0.7 nm in thickness) based on Schiff-base polycondensation of 2,5-dihydroxyterephthalaldehyde (D1) and 5,10,15,20-tetrakis(4-aminophenyl)21H,23H-porphyrin-Co(II) (D2) at the air-water interface (Fig. 3c) . 25 The resultant 2DCP displayed an outstanding Young's modulus (267 ± 30 GPa) comparable to that of graphene, and presented multi-functions such as an organic semiconducting layer for thin film transistor and an active catalyst for electrocatalytic hydrogen generation from water. A graphene (G) encapsulation method to enhance the electron irradiation resistance of a monolayer by fabricating the G/2DP/G sandwich structure was established (Fig. 3c) , offering clear electron diffraction proof for the long-range order in this single-layer 2DCP. This work opens the door for interfacial synthesis of 2DCPs based on Schiff-base reaction even in aqueous system. Intriguing work by Zhang, 33 Banerjee, 36 and Dichtel 37 also confirmed the power of the liquid-interface-assisted synthesis by developing a series of imine-based 2D covalent-organic films with various skeletons and tunable thickness.
COORDINATION CHEMISTRY METHODOLOGIES FOR INTERFACIAL SYNTHESIS
Apart from the covalent chemistry, coordination chemistry has also been explored for the synthesis of single-layer and multi-layer metal-organic 2DCPs (2D MOFs) at the air-water and liquid-liquid interfaces by Kitagawa, 20 Schlüter, 21 Nishihara, 22, 35 Zhu, 34 Marinescu, 40 Louie, 41 Xu 42 , and our group. (II) (E1) ligands and paddle-wheel linkages (Fig. 2e) with two Cu 2+ and four COO − groups in 2010. 20 Subsequently, some photoactive 2D MOF films have been prepared based on terpyridine (F1, F2) 21, 44 and dipyrrin (G1) 35 ligands by the liquid-interface-assisted synthesis and exhibited potential photoelectric conversion ability. However, such 2D MOFs behaved low conductivity (<10 −10 S/cm) because of their low conjugation, localized molecular orbitals, and minimal band dispersion in their intrinsic electronic structures, thus hampering their application in electronics. On the other hand, fully conjugated 2D MOFs have been emerging with the realization of high electrical conductivity (10 −3~1 0 3 S/cm) since the report about Cu/Ni-catecholates (H4) by Yaghi et al. in 2012. 45 Currently, fully conjugated 2D MOFs have been synthesized by linking N, O, or S ortho-disubstituted benzene (H1-H3) 22, 41, 46 or triphenylene (H4-H6) 24, 40, 42 ligands with square planar linkages, such as metal-bis(diimino)/-bis(dihydroxy)/bis(dithiolene), as well as their hybrids (Fig. 2h) , and are featured with hexagonal lattices, layered structures and full π-d conjugation in 2D planes. For instance, in 2013, 22 Nishihara et al. employed the CH 2 Cl 2 /H 2 O interface to prepare multi-layer 2D MOFs comprising benzenefused nickel-bis(dithiolene) complexes (H2-Ni) with a lateral size of ∼100 μm and a thickness of 1-2 μm, which could exhibit conductivity as high as 1.6 × 10 2 S cm −1 . After that, Zhu et al. synthesized H2-Cu 2D MOF films at the CH 2 Cl 2 /H 2 O interface and achieved much higher conductivity of 1.58 × 10 3 S cm
. 34 In 2015, our group demonstrated the synthesis of a large area, single-layer (~0.7 nm in thickness), fully conjugated H5-Ni 2D MOF by LB method (Fig. 3d) . 24 The crystallinity of the monolayer was Liquid-interface-assisted synthesis of covalent-organic Lihuan Wang et al.
confirmed by cryogenic transmission electron microscopy (cryo-TEM) at -175°C, which provided a typical hexagonal electron diffraction pattern (Fig. 3d) . Benefiting from their electrically conducting feature and the incorporation of highly active catalytic sites, such 2D MOF films served as carbon-rich electrode materials for electrocatalytic water splitting. By far, the conducting, conjugated 2D MOFs have been explored for wide applications, such as field effect transistor, 42 chemiresistive sensing, 47 and energy storage and conversion. 24, 40, 43, [48] [49] [50] CHALLENGES AND OPPORTUNITIES In this Perspective article, the liquid-interface-assisted synthesis is highlighted for the preparation of covalent-organic and metalorganic 2DCPs. The controlled synthesis of single-layer or multilayer 2DCPs with fine-tuned lateral size and thickness have been explored. Despite of the recent success in this exciting research area, many critical issues remain to be addressed.
1. The first issue concerns the synthesis of 2DCPs with the control of their crystalline domains, grain boundaries and edge structures. In this case, the liquid-interface-assisted synthesis relies on the physical and chemical properties of the precursors such as solubility, thermal stability, sensitivity, catalytic activity, and functional groups, as well as special interactions with interfaces. Additionally, fundamental understanding about the interfacial synthesis remains far from mature, such as the control of the preorganization of precursors at the interfaces, the (polymerization) reaction efficiency at interfaces, the structural and morphological control at interfaces by finetuning external conditions like concentration, ratio, pH, catalyst, and the defect control and correction, etc. 2. Compared with the on-surface synthesis and the solution exfoliation approaches, the liquid-interface assisted synthesis method also has intrinsic limitation. For instance, the reaction temperatures cannot be varied over a large range. Generally, the liquid-liquid interfaces are allowed for reaction at relatively wide temperature range (~5°C tõ 100°C) 38 while the air-water interface is limited from~5°C to~50°C to maintain the interfaces. [23] [24] [25] In this case, only a few irreversible covalent reactions (photopolymerization and Glaser coupling) and dynamic covalent reactions (cyclotrimerization of nitriles and Schiff-base reaction) were explored for synthesizing covalent-organic 2DCPs while other linkage methodologies remain to be addressed. On the other hand, interfacial synthesis of metal-organic 2DCPs was also limited to several coordination models. Thus, future boosting growth in the development of rich chemistry methodologies for interfacial synthesis is expected to enrich the family of 2DCPs. 3. Apart from the air-water and liquid-liquid interfaces, as well as the mentioned on-surface synthesis (also regarded as vapor-solid or vacuum/solid interfaces), interfaces also involve many other potential candidates that can be employed for the synthesis of 2DCPs, such as salt or ice surfaces, other 2DM surfaces (like graphene and metal dichalcogenides), and the outside/inside surfaces of hard and/or soft layered structures (like clays, layered double hydroxides, and surfactant mono-layers and bi-layers). These interfaces are also expected to act as templates, which allow the concentration and the ordered pre-organization of the monomers along/within the 2D-confined space via noncovalent interactions, including hydrogen bonding, electrostatic interactions, hydrophobic force, and π-π stacking, to hold the reactive sites close with each other, finally leading to a template-direct 2D polymerization. Till now, the corresponding researches are still under development, which are able to enrich the interface-assisted synthesis strategies toward multi-diverse 2DCPs. 4. The transfer processing of these 2DMs from interfaces should also be very careful due to low mechanical strength resulting in structural distortion and folding and tearing of the sheets, and possible oxidation for some air-sensitive 2DCPs in ambient conditions leading to the structural decomposition. These issues are highly related to the future development of interfacial synthesis strategies and processing technologies. 5. The structural characterization at the molecular or atomic level is a key challenge for the interfaces, which is of critical importance for understanding the crystal growth mechanism. In recent years, some in-situ characterization techniques have been developed, such as in-situ TEM, XRD, and Raman spectroscopy. How to efficiently apply these techniques for probing the interfacial growth of 2DCPs is not easy. Particularly, the structural confirmation of these single-layers by high resolution HRTEM at the atomic scale remains challenging due to their high sensitivity to the electron irradiation of TEM. Nevertheless, many imaging technologies are under exploration to reduce the structural damage, such as imaging under a suitable accelerating voltage, 45 at low electron beam dose or at extra low temperature, 16, 24 and the developed graphene (G) encapsulation method. 25 In addition, the STM imaging of the single layers transferred from air-water or liquid-liquid interfaces onto solid substrates has not been fully satisfied due to the possible introduction of contaminations, and folding and tearing of the monolayers during the transfer progress. 22, 23 6. Finally, the applications of 2DCPs obtained by the liquidinterface-assisted synthesis remain at the infancy stage. One can expect that covalent-organic and metal-organic 2DCPs with large area, highly ordered opened-porous structures, ultra-thin and free-standing feature, and integration of abundant functional units will open up a wide range of applications in optics, 35 electronics, 22, 25, 34, 38, 41, 42, 45 sensing, 44, 47 separation, 18,37 energy storage, and conversion. 24, 40, 43, 46, [48] [49] [50] Nevertheless, the superior performances in these applications highly rely on structural control of the 2DCPs at the atomic and molecular level. Thus, the reliable and fundamental structure-property relationship should be addressed, which will flourish the development of 2DCPs via liquid-interface assisted synthesis in the future.
